Field and laboratory studies have verified that sulfate-reducing bacteria (SRB) can assist in cracking, but there is no comprehensive review in literature related to this research. In this paper, a mini-review was done giving the available information on SRB-assisted cracking, including actual cases, laboratory investigations, thermodynamic interpretation, cracking mechanisms, and affecting factors. Furthermore, the existing problems were regularly extracted, and the possible development tendency prospected.
Introduction
The metal structures serving in the natural environment, such as pipe steels in soils, bridges over rivers, and offshore infrastructures in marine environments, are subjected to corrosion failure and loss of mechanical properties (Wu et al., 2015b) . It is generally believed that the failure and loss of metal are related to materials, the environmental conditions, and the stresses under the metals. As for the environmental conditions in the natural environment, the microorganism incubating on the metal surface is one of the most damaging factors for buried pipe steel in soils (Maruthamuthu et al., 2011; Wu et al., 2015c; Li et al., 2018) and offshore platform in marine environments (Duan et al., 2008; Qian et al., 2017; Xu et al., 2017) . The microorganisms' influences on the kinetics for metal corrosion processes and their adhesion to the solution/ metal interfaces were defined as microbiologically influenced corrosion (MIC) (Javaherdashti, 2008; Zhou et al., 2018) . Sulfate-reducing bacteria (SRB) (Liu et al., 2018a,b) , nitrate-reducing bacteria (NRB) Huang et al., 2018) , iron-oxidizing bacteria , acid-producing bacteria (APB), and fungi (Beech and Gaylarde, 1999; Little et al., 2001 ) are the typical microorganisms associated with metal corrosion. MIC is thought to account for 20% of the corrosion failure of metal (Little et al., 2006) in different conditions, and much attention was paid to the roles of microorganisms in metal corrosion (Jia et al., 2017; Zhao et al., 2017) . Recently, Li et al. discussed the MIC mechanisms using bioenergetics, microbial respiration types, and biofilm extracellular electron transfer (EET) .
In addition, the stress state of metals is another important factor accelerating the corrosion failure of metal infrastructures in the natural environment. Stress corrosion cracking (SCC) (Fang et al., 2006) and corrosion fatigue (CF) (Puiggali et al., 2002) are the typical damaging failure modes induced/accelerated by stresses. They are associated with the static/low-frequency stresses and dynamic stresses (Fang et al., 2005) , respectively. In the recent decades, the individual and simultaneous effects of chemical or electrochemical and mechanical factors, such as hydrogen (Lu et al., 2009) , dissolved oxygen (Mehta and Gosselin, 1998) , dissolved carbon dioxide (Egbewande et al., 2014) , pH (Oskuie et al., 2012) , corrosive ions (Vosikovsky and Rivard, 1982) , load magnitude (Chen et al., 2007) , load waveform (Lu et al., 2009) , and frequency (Takahashi et al., 2010) , on SCC or CF were widely studied in the literature, and many failure mechanisms were proposed in various conditions. Furthermore, some field investigations (Rao and Nair, 1998; Kholodenko et al., 2000; Abedi et al., 2007; Al-Nabulsi et al., 2015) also verified that microorganisms can enhance the steel cracking under the assistance of the stresses. In April 2004, an API5LX52 pipeline cracked in the northern part of Iran, which led to leakage of amounts of oil (Abedi et al., 2007) . The subsequent investigation demonstrated (Abedi et al., 2007) that the main cause of the pipeline cracking was SCC induced by carbonatebicarbonate, but SRB also participated in the process, and then SRB intensified the pipeline pitting corrosion and crack initiation. Russia scholars found that the SCC length of pipe steels in the field was mostly related to counts of SRB and NRB, and the SCC depth was correlated with the number of APB and saprophytes in certain types of soil (Kholodenko et al., 2000) . Wilmott et al. proposed a nonclassic type of SCC, in which the crack lengths are directly related to the numbers of SRB and APB (Wilmott et al., 1996) . APB and NRB were identified as the main cause of 90% of the wall thinning in the heat-affected zone of the girth weld, and the subsequent rupture of the carbon steel (Rizk et al., 2017) . The above field investigations demonstrated the simultaneous effects of SRB and stresses. Therefore, it is important to review the available information for a better understanding of this problem.
In this paper, the cracking induced/accelerated by SRB is defined as SRB-assisted cracking (Wu et al., 2018b) . The number limited but invaluable reports in the field on SRB assisted cracking were collected in the paper, and SRB-assisted SCC/CF of steels were reviewed. Furthermore, the thermodynamic interpretation and possible mechanisms were summarized in detail. Finally, factors affecting SRB-assisted cracking are also discussed in this paper.
SRB-assisted cracking in simulated investigations

SRB-assisted SCC
Many laboratory studies documented the SRB-assisted SCC for different steels in different environments (Robinson and Kilgallon, 1994; Vaidya et al., 1997; Raman et al., 2005; Javaherdashti et al., 2006 Javaherdashti et al., , 2012 Domzalicki et al., 2007; Javaherdashti, 2011; Stipaničev et al., 2014; Wu et al., 2014b) . When the carbon steel was subjected to the slow strain rate testing (SSRT) in sodium chloride solution, specimens in SRB-inoculated condition showed a considerable loss of ductility, compared to those in sterile condition (Javaherdashti et al., 2006) . Fracture morphology of the specimens in sterile condition suggested the feature of only ductile mode (dimples), whereas these in SRB-inoculated condition exhibited the features of both transgranular cracking and ductile dimples (Raman et al., 2005) . These showed the higher SCC susceptibility of the carbon steel in SRB-inoculated condition. Domzalicki et al. documented that the presence of SRB produced an additional plasticity loss of the low-alloy ferrite-pearlite and sorbate steels in synthetic seawater and that their plasticity loss became especially pronounced at cathodic potentials . Recently, Wu et al. tested the SCC susceptibility of an X80 pipeline steel in a near-neutral pH soil solution and found that SRB individually increased the SCC susceptibility of the steel, whereas the increase depended on the prolongation of pre-incubation time (Wu et al., 2015b) . It was also reported that the applied potentials and the presence of SRB worked together in promoting the SCC susceptibility of the steel, but the combination effects became limited with the decrease in the cathodic potentials (Wu et al., 2015b) . Wang et al. also found the positive role of SRB in enhancing the SCC process in an acid solution (Wang et al., 2017a) . Furthermore, it was reported that SRB could decrease the threshold stress-intensity-factor (K th ) for SCC of the 500 and 690 alloy steels in the marine environment (Robinson and Kilgallon, 1994) . The above studies demonstrated that the physiological activity of SRB resulted in the ductility loss of steels, increased their SCC susceptibility, decreased their SCC K th , and induced the transformation from ductile mode to brittle failure.
SRB-assisted CF
SRB-assisted CF was also investigated in the simulated laboratory environments in the literature (Thomas et al., 1987; Huang, 2004; Sowards et al., 2014) . It was shown that CF can be enhanced by marine fouling on an offshore structure (Thomas et al., 1987) . The biologically produced H 2 S not only increased the crack propagation rate but also reduced the threshold stress intensity factor amplitude (ΔK th ), showing that the biologically produced H 2 S overcame the crack tip blunting effect. However, at the levels of ≈200 ppm and above, biologically produced H 2 S was a less potent fracture agent in seawater than non-biologically produced H 2 S (Thomas et al., 1987) . The low-cycle life of the 10KhSND steel was reported to be related to the intensity of the development of Bacterium and Pseudomonas (Tsokur and Kobzaruk, 1984) . Sowards et al. evaluated the effects of SRB and APB on the fatigue-crack propagation of ASTM A36, API 5L X52, and X70 steels (Sowards et al., 2014) . The fatigue testing showed that SRB and APB markedly increased the fatigue crack propagation rates of these steels (Sowards et al., 2014) . In diluted Postgate medium C solution, SRB were reported to greatly enhance CF crack propagation rates and reduce CF crack initiation life of the HY130 steel under cathodic polarization (Gangloff and Kelly, 1994) . As a result of the presence of SRB, the fatigue mode was changed into intergranular cracking from transgranular under the cathodic protection (CP) at the constant ΔK (Gangloff and Kelly, 1994) . Furthermore, SRB-assisted CF was also recorded in sea-mud for marine steel by Huang (2004) .
The above examples manifested that SRB reduced crack initiation life and ΔK, enhanced crack propagation rate, and changed the CF mode and that biologically produced H 2 S played important roles in these processes. For safety, the deeper investigations on SRB-assisted cracking are required for more steels in a wider range of environments.
Mechanisms of SRB-assisted cracking
It must be confessed here that the mechanisms stated in the paper are only the possible explanations for the "assist" actions of SRB, i.e. the mechanisms for SRBassisted cracking must combine with the conventional SCC or CF mechanisms to fully illustrate the overall cracking process. To the best of our knowledge, this is a first-ever attempt to summarize the mechanisms of SRBassisted cracking.
Theoretical interpretation of SRBassisted cracking using the E-pH diagram
SRB-assisted cracking was confirmed via experiment and field studies. These results show that SRB-assisted cracking is a spontaneous process in the natural environment. According to Wu et al., the driving forces of steel corrosion in an anaerobic near-neutral pH solution (ΔE 1 ) and under the plastic tensile stress (ΔE 2 ) can be, respectively, expressed as follows (Wu et al., 2018a) ) of iron under elastic and plastic stresses, respectively (Xu and Cheng, 2012) . Given that they are positive under tensile stresses (Wu et al., 2016) , ΔE 2 is bigger than ΔE 1 . TSteel corrosion is promoted by tensile stresses, and this is the thermodynamic reason for the stress-induced corrosion of steel.
When inoculated into the environment, SRB can obtain electrons by oxidizing organics, then reduce sulfates to sulfide organics, obtaining the energy for their physiological activity. Therefore, the driving forces of SRB-assisted corrosion (ΔE 3 ) and SRB-assisted cracking (ΔE 4 ) of steels can be, respectively, expressed as follows (Wu et al., 2018a) : 
where, 2 4
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E − − is the equilibrium potentials of the following equation (Sherar et al., 2011; Yuan et al., 2013) :
It is obvious that ΔE 4 is bigger than ΔE 1 , ΔE 2 , and ΔE 3 . The fact indicates that applied stress and SRB's physiological activity synergistically increase the corrosion driving force and, hence, synergistically facilitate the steel corrosion. This is the thermodynamical interpretation of SRB-assisted cracking for Fe-based metal (Wu et al., 2018a) . Although the thermodynamical interpretation was extracted from rigorous derivations, the role of biofilm in SRB-assisted cracking was neglected in the calculation of the cell potentials (Wu et al., 2018a) , which may be one of the essential factors in steel cracking.
Pitting damage mechanism
By direct or indirect contact with the steel surface, SRB can obtain cathodic hydrogen and electrons from the steel to reduce sulfate to sulfide (Reguera et al., 2005; Yu et al., 2013) , then facilitate the formation of pits on the steel surface. Besides, FeS-Fe microgalvanic couples may form under SRB biofilm, where iron played the role of the anode, and then induce pitting corrosion (Iverson, 1968) . Furthermore, the biofilm was reported to be partial and porous, creating concentration gradients of pH, chloride (Sheng et al., 2007) , and sulfur. The steel surface are altered or influenced by this porous film, and some microcells even form on the steel surface (King and Miller, 1971) , resulting in localized corrosion. Under the action of tensile stress, stress concentration will generate at pit tips, and the bottom of localized corrosion, thus, enhancing the local electrochemical activity of the metal. Then the localized corrosion rate increases, which can lead to steel cracking. This is the major reason why SRB assist in cracking. On the surface of a broken X52 steel, pits were laid on the fractured area, and it also can be found in the crack propagation path, and cracks were rightly initiated from the pit bottom (Abedi et al., 2007) . Therefore, it could reasonably be inferred that the fracture failure was induced via the pitting corrosion damage mechanism. Recently, Wu et al. investigated the corrosion behavior of an X80 steel under static elastic stress in the presence of SRB. In their experiment (Wu et al., 2014b) , the applied elastic stress combining with the intrinsic growth stresses of the corrosion product (Bull, 1998) increases the porosity of the corrosion product film, and this even results into its partial falling. A large number of corrosion spots are spotted on the bared metal matrix. An interesting phenomenon is that some tiny secondary corrosion pits can be observed at the bottom of the primary pitting.
On the basis of the above results, the corrosion processes in the condition are restated here. (1) The activity of SRB and the increased porosity of the product film give rise to the localized corrosion. (2) Under the applied elastic stress, stress concentration generates at the bottoms of localized corrosion, increasing the corrosion rate of steel. (3) The activity and metabolite of SRB work again and induce the secondary corrosion pits at the bottom of the initial localized corrosion. Repetition of processes (2) and (3) may lead to successive pits; hence, the initiation of cracks under static load in the presence of SRB. In another experiment, Wu et al. observed the same phenomenon when the steel under the yield stress was exposed to the soil solution inoculated with SRB (Wu et al., 2014a) . It was believed that the secondary/successive pits have the potential to be the core of an SRB-assisted cracking mechanism (Wu et al., 2014a) .
Hydrogen damage mechanism
For an anaerobic solution, the cathodic reaction is the reduction of hydrogen ions or water, forming atomic hydrogen (H 0 ). A portion H 0 may combine to molecular hydrogen (H 2 ) and then escape from the electrolyte. However, some H 0 can absorb on the metal surface, enter the metal lattice, segregate at micro-structural trap sites, diffuse to and enrich in the crack tip region and, thus, enhance crack propagation of the metal (Wu et al., 2015a) . The hydrogen source depends on the environment chemistry (Turnbull, 1986) . The factors affecting hydrogen uptake on the crack tip region is likely to induce crack initiation and alter crack propagation rate. For example, it is reported that a small amount of H 2 S in chloridecontaining solutions increased the hydrogen uptake and greatly enhanced fatigue crack rates (Iyer et al., 1990) . The metabolic activity of SRB in anaerobic environments may affect the hydrogen production and uptake processes (de Romero et al., 2002 (de Romero et al., , 2005 Lunarska et al., 2007; Domzalicki et al., 2008) and, hence, enhance crack propagation (Gangloff and Kelly, 1994; Robinson and Kilgallon, 1998; Javaherdashti et al., 2006; Domzalicki et al., 2007) . As has been documented, the hydrogen uptakes into ferritepearlite and sorbite steels by the active SRB increased the environmental cracking rate and the SCC susceptibility in synthetic seawater and natural sea environment (Domzalicki et al., , 2008 Lunarska et al., 2007) . SRB obtain the needed energy by reducing sulfate ions 2 4 (SO )
− and oxidizing organic molecules (von Wolzogen Kuhr and van der Vlught, 1934):
From reaction (6), two opposite roles of the SRB in hydrogen evolution can be extracted. The first role is that SRB may remove H 0 from the metal surface, which can lower the H 0 concentration on the metal surface and suppresses the H 0 permeation into the metal, thus, reducing the danger of accelerated crack propagation. Although the remove action is the core of the widely accepted cathodic depolarization theory of MIC induced by SRB, it was denied by many researchers (Little et al., 2000; de Romero et al., 2002 de Romero et al., , 2005 
Therefore, the remove role of SRB can be neglected in dealing with the relationship of hydrogen and SRBassisted cracking. The second role of SRB is releasing sulfur ions (S 2− ) to the external environment. The S 2− combine with H + in solution forming H 2 S and enhance the generation of atomic hydrogen for the adsorption on the steel surface by reactions (8) (Edyvean, 1991; Gee and Chen, 1995; Eadie et al., 2005; Zucchi et al., 2006; Sowards et al., 2014) and (9) (Gee and Chen, 1995) and reduce the rate of hydrogen recombination according to reaction (10) (Robinson and Kilgallon, 1998 
Then, the adsorbed hydrogen (H ads ) enters into steels and diffuses to the plastic zone ahead of the cracks where stress triaxiality is high, causing embrittlement of steels. In this regard, SRB play a role analogous to hydrogen recombination poisons. The hydrogen damage mechanism is the most widely accepted mechanism for SRB-assisted cracking and was reviewed in detail for the SRB-assisted SCC/ CF of high strength steels in marine environments by Robinson and Kilgallon (Robinson and Kilgallon, 1998) . In order to illuminate the roles of SRB on the hydrogen embrittlement (HE) of 690 steel in the marine environment, Robinson et al. measured the hydrogen concentration absorbed by steel (C 0 ) and K th , and then proposed the relationship that existed between them (Robinson and Kilgallon, 1994 ). An inverse relationship was established between log K th (MP/m 1/2 ) and C 0 (ppm) for both sterile and biologically active environments. The equation to the line is (Robinson and Kilgallon, 1994) :
The applied cathodic potential and the SRB at the metal surface played a strong synergistic effect on the hydrogen permeation. The dependences of K th on C 0 lies on the same straight line for both sterile and biologically active conditions. It is clear that the HE mechanism remains unchanged after the introduction of SRB into the system. The same phenomenon was recorded in the literature (Wu et al., 2015b) where SSRT were conducted to investigate the SCC susceptibility of X80 steel subjected to cathodic potentials exposed to the sterile and SRB-inoculated soil solution (Wu et al., 2015b) . Area reduction (RA) was used to represent SCC susceptibility. A linear relationship between RA/RA air and C 0 (ppm) in double logarithmic coordinate was obtained for the steel (Figure 1) . The equation to the line is expressed as follows (Wu et al., 2015b) :
For the practical use of the fracture mechanisms, the K th against C 0 relationship was used to calculate the applied stress required to propagate the certain length flaw. The cathodic potentials corresponding to these K th values can be used to give a plot of applied stress against applied cathodic potential (Robinson and Kilgallon, 1998) . Their results showed that there is a stress-potential region where crack propagate only takes place in the biologically active environment rather than in the sterile environment (Robinson and Kilgallon, 1998) . It is obvious that this region gives prominence to the roles of SRB in the SCC of steels. The similar failure/safety diagram comparing the susceptibility of X80 and cathodic potentials was proposed in the literature (Wu et al., 2015b) . In their work, reaction (12) was used in the selection of safe CP potentials in the presence of SRB in the soil environment (Figure 2 ). To eliminate the SRB effect on the SCC susceptibility of pipeline steel, the CP potential arranged in SRB-containing environment must be changed to [−876 mV, −943 mV] from [−776 mV, −1020 mV] in sterile environment. The selectable range of CP potentials in the SRB-containing environment is narrower than that in the sterile condition. Another case for hydrogen damage mechanism is a recent report about the fatigue crack propagation of X70 steel in SRB-inoculated ethanol solutions and in saltwater with applied cathodic potential (Sowards et al., 2014) . The SRB-inoculated and cathodic-applied environments resulted in a typical crack propagation behavior that was characterized by (1) a steep increase in crack propagation rate at low ΔK followed by (2) a plateau region of ΔK-independent crack propagation rate across the intermediate values of ΔK. The dataset at −1.03 V vs. SCE provided an environment where the test specimen was catholically charged with abiotic hydrogen. The SRB data here coincided very well with the abiotic source of hydrogen, although the crack propagation rates were higher in the latter case. The SRB metabolism reduced the recombination of atomic hydrogen, increased the surface coverage, and promoted its absorption by the metal, providing a hydrogen source. The hydrogen damage mechanism is the main failure mode of SRB-assisted cracking.
Electrochemical model of SRB-assisted cracking
The chemical and electrochemical conditions at the tip of a crack govern the crack propagation process in corrosive media together with strain-stress conditions (Peng et al., 2003) . Slobodyan et al. studied the effect of SRB on the electrochemical condition at the tips of stationary and growing CF cracks in the Postage medium in the 1990s (Ratych and Slobodyan, 1986; Slobodyan et al., 1993) . They corroborated that the metabolism of SRB significantly altered the electrochemical characteristics and intensified the electrochemical process at the tips of a static-load crack and a cyclic-loaded propagating crack. It was also reported that the presence of SRB reduced the efficacy of a Nefgan inhibitor (Slobodyan et al., 1993) . On the basis of the experimental data and theoretical analysis, Serednyts'kyi found that the electrochemical process at the tip of a corrosion-fatigue crack in the presence of SRB underwent three stages and, hence, established the electrochemical mechanism of the process (Serednyts'kyi, 1997) . In the present section, we draw the mechanism schematics according to their work (Figure 3 ) (Slobodyan et al., 1993; Serednyts'kyi, 1997) and illustrate the mechanism in detail as follows: Stage 1: As shown in Slobodyan and coworkers' results (Slobodyan et al., 1993) , during the first stage, the kinetic curves of the pH value vs. time for the tips of arrested and propagating cracks are located in the alkaline zone. The phenomenon can be explained by an increase in the concentration of OH − due to the reaction of oxygen depolarization:
As the concentration of active OH − at the crack tip increases as shown by reaction (13), the main anodic process may be reactions (14) and (15) 
In the first stage of the process, the reactions of cathodic depolarization of oxygen and the anodic dissolution of iron at the tip are prevailing as shown in Figure 3A .
Stage 2: When oxygen was completely exhausted in the first stage, the cathodic reactions changed into the catalytic dissociation of water molecules on the active surface of the stressed metal at the crack tip: 
Then, the activities of SRB accordingly increased and, hence, functioned in the corrosion process ( Figure 3B ). The main role of SRB in the corrosion process can be described as the removal of H 0 from the cathodic sections of the metal surface and the production of sulfide ions (reaction (6)). Under the metabolism of SRB, the corrosion process was stimulated via reaction (6) as the reaction consumed the cathodic hydrogen produced by reaction (16).
The main reactions in the second stage are (1) the catalytic dissociation of water on the active surface of the metal followed by the discharge of hydrogen ions, (2) the depolarization of hydrogen from the metal, and (3) the increased anodic dissolution of iron.
Stage 3: The third stage of the corrosion process at the tip of a crack in the presence of SRB depended on the accumulation of insoluble and difficult soluble corrosion products. As ferrous sulfide is insoluble (Jones and Amy, 2002) , the steel surface is shielded by its films. The formation of the film is conducive to protect the metal against corrosion as it inhibited the interaction of steel with media. However, when SRB were involved in it, the corrosion rate increases (from 20 μm years −1 to 120 μm years −1 ). Most probably, SRB decreased the density of the protective films of ferrous sulfide. The effect provided favorable conditions for the formation of FeS-Fe microgalvanic couples, in which iron played the role of the anode and, then, induced pitting on the steel surface and, hence, resulted into corrosion fracture according to the pitting damage mechanism ( Figure 3C ). In short, the third stage is characterized by the precipitation of corrosion products on the steel surface and the FeS-Fe microgalvanic couples.
Based on the cathodic depolarization theory (although it is controversial (de Romero et al., 2002 (de Romero et al., , 2005 ), the model was extracted from the electrochemical parameters obtained at the tip of the crack. To some extent, it correlated with the data of inspections of the main pipelines in (Slobodyan et al., 1993; Serednyts'kyi, 1997) . In stage 1, the reactions of cathodic depolarization of oxygen and the anodic dissolution of iron at the tip are prevailing. The main reactions in stage 2 are the catalytic dissociation of water on the active surface of the metal followed by the discharge of hydrogen ions, the depolarization of hydrogen from the metal, and the increased anodic dissolution of iron. Stage 3 is characterized by the precipitation of corrosion products on the steel surface, the FeS-Fe microgalvanic couples, and the pits related to pit-failure mechanism.
soils with elevated corrosive and microbiological activity (Serednitskii et al., 1988) .
The above hydrogen damage mechanism and electrochemical model are based on the existing cracks on the steel surface. In other words, these mechanisms may become inoperative in the prediction of crack initiation induced by SRB, which is the chief shortcoming of the two mechanisms.
Additional comment on damage mechanism
Although the above mechanisms provide relatively comprehensive understandings for the SRB-assisted cracking, an additional comment on sulfide must be drawn here on damage mechanisms. The effect of sulfur-containing compounds near the metal surface (Lee et al., 1993) can be not over-emphasized in SRB-assisted cracking. Three main roles were present in the above mechanisms: (1) the effect on hydrogen entry into steel (Domzalicki et al., 2008; Biezma, 2011) , (2) the high conductivity to transfer electrons from the steel to the corrosion product (Little et al., 2000) , (3) the formation of Fe-FeS microgalvanic couples (Singh Raman, 2003; Kakooei et al., 2012) . Surprisingly, Arilahti et al. recorded a freak phenomenon where sulfide diffused into the grain boundaries ahead of the crack tip in a copper alloy in groundwater containing S 2− (Arilahti et al., 2011) , which suggested that the stress-strain field ahead of the crack tip drove the sulfur ingress into the copper alloy. It may be of significance to clarify whether the internal diffusion of sulfide exists in steel under a stress-strain field, for the mechanism in sight of SRB-assisted cracking of steels. Furthermore, the role of biofilm may be an important factor for SRB-assisted cracking. As was reported that gradients of pH, chloride, and sulfur can be created under the biofilm (Sheng et al., 2007) . Therefore, more attention should be paid to the essential roles of sulfide and biofilm in SRB-assisted cracking.
Factors affecting SRB-assisted cracking
SRB physiological activation
During the biofilm formation, SRB experience different physiological stages, including attachment, maturation, and dispersion (Sauer et al., 2002) . This means that the SRB cell count as well as their metabolite in the biofilm will change in different physiological stages, and hence, the local environment around the steel surface may change accordingly. The environment change could alter the cracking behavior of the steel; thus, the SRB physiological activation is one of the factors affecting SRBassisted cracking. Wu et al. found that SRB increase the SCC susceptibility and brings about the additional features of quasicleavage in the primeval ductile fracture morphology, and demonstrated that SRB displays the most noticeable impact during the maturation stage (Wu et al., 2015b) . The fact is in accord with the results in the study of Beech et al., in which they found that the MIC risk maybe more directly related to the metabolic state and rate than the number of microbial cells (Beech and Sunner, 2007) . Furthermore, the amount of active SRB was proven to greatly affect hydrogen permeation (Wang et al., 2017b) and the SCC process (Wang et al., 2017a) of X80 steel. In the maturation stage, the maximal cell quantity results in the strongest effect on hydrogen permeation (Wang et al., 2017b) , bringing about the most serious SCC susceptibility (Wang et al., 2017a) .
In order to reveal the SRB effect on cracking, maintaining its relatively high physiological activity and preventing the biological contamination is an issue of great importance during the laboratory experiments. Cracking of metal in natural environment is an extremely slow process; thus, the laboratory and field researches on SRB-assisted cracking are time consuming. In a closed system, SRB count and physiological activity will change with time. Therefore, it is necessary to take appropriate measures to support the growth of SRB during the experiments. Recently, Wu et al. made a beneficial attempt in this point by renewing the experimental medium using the peristaltic pump and by maintaining the experimental temperature using the thermostatic water bath. In this way, the SRB count and physiological activity are kept in a constantly high level during the 3-month experiments. What is more, to study the SRB-assisted cracking process, applying the static or dynamic stresses on the specimen is necessary and so is keeping the anaerobic condition and the experimental temperature. Thus, the experimental setup as well as the experimental procedure may become completely complex. The risk of biological contamination increases accordingly. It was reported that mixed microorganisms can change the local environment and the corrosion process of metals. Therefore, sterilizing undesired microorganisms will be a new issue worthy of our attention for the study of SRBassisted cracking.
Biogenic H 2 S
When the abiotic H 2 S is introduced into a system, it can react with water to release protons for cathodic reduction of steel corrosion (reaction (1a)). SRB can produce biogenic HS − (reaction (5)) or S 2− (reaction (6)). Then, the HS − or S 2− can consume protons to form biogenic H 2 S. Obviously, the abiotic and biogenic H 2 S are likely to play different roles in steel corrosion (de Mele et al., 1991; Duque, 2007) . H 2 S at over 2000 ppm can be produced by bacteria under optimum experimental conditions (Thomas et al., 1987) . Therefore, biogenic H 2 S is an important factor in SRB-assisted cracking.
In the electrochemical model of SRB-assisted cracking (Section 3.4) (Serednyts'kyi, 1997) , the biogenic H 2 S react with Fe 2+ to form FeS, which is the necessary prerequisite for the FeS-Fe microgalvanic couples. The biogenic H 2 S is rightly the poisoner of the combination of hydrogen atoms to the gaseous molecule, thus, making more hydrogen available for embrittlement (Wu et al., 2015a,b) . This is the core of the hydrogen damage mechanism (Section 3.3). From the two mechanisms, the biogenic H 2 S plays a positive role in SRB-assisted cracking. Thomas et al. found that crack propagation rates in seawater containing biogenic H 2 S increased significantly for RQT 701 and 501 steels, and ΔK th were reduced to a smaller value found in seawater (Thomas et al., 1987) . Also, the effects were enhanced with the increase in biogenic H 2 S levels, as the H 2 S can overcome the crack tip blunting effect (Thomas et al., 1987) . Furthermore, the effects of lower levels of biogenic and abiotic H 2 S were very similar, but the higher levels of abiotic H 2 S have a much greater effect on crack propagation than biogenic H 2 S (Thomas et al., 1987) .
Acidity
Soil pH is one of the abiotic factors that affect the steel corrosion rate, and the diversity and distribution of microbial species in a region (Fierer and Jackson, 2006) . Neutral pH soil harbors the most diverse communities, while acidic pH soil only tolerates the least diverse communities. On the other hand, the negatively charged organic matter in EPS can bind metal cations, leading to the changes in pH of the local environment (Beech and Cheung, 1995) .
To our knowledge, no prior researches have focused on the effect of pH on SRB-assisted cracking. However, some useful conclusions can be extracted by comparing the results in the different literature. The X80 steel displayed the highest SRB-assisted cracking susceptibility in a neutral pH soil solution after pre-incubation of 3 days (Wu et al., 2015b) , but after pre-incubation of 8 days in the acid soil environment (Wang et al., 2017a) . This may stem from the SRB physiological activation, as discussed in Section 4.1. Furthermore, the RAs during SSRT in the neutral pH soil solution were always larger than those in the acid soil environment, while almost the same effects of SRB on the RA decrease were observed in the two soil solutions (Wu et al., 2015b; Wang et al., 2017a) . As the maximum SRB numbers are, respectively, about 1.4 × 10 3 and 2 × 10 7 cells/ml in the acid and neutral pH solutions, it is reasonable to ratiocinate that a single sulfate-reducing bacterium may play a more prominent role in the acid solution. In this solution, HS − biologically secreted by SRB are more likely to combine with protons to form biogenic H 2 S, increasing the hydrogen permeation and then bringing about more quasi-cleavage features in the ductile morphology (Wu et al., 2015b; Wang et al., 2017a) .
Applied stress
The cracking process of materials is invariably dominated by the simultaneous actions of themselves, conducive environment, and applied stress. SRB-assisted cracking of pipeline steel is promoted by the applied stresses (Wu et al., 2018b) . The corrosion rate 1 p ( ) R − of X80 steel under different level stresses in sterile and SRB-inoculated soil solutions after immersion for 60 days were extracted from the literature (Wu et al., 2014a,b) , as shown in Figure 4 . It is evident that the SRB activity and the applied stresses display the profound synergistic effects on corrosion of steel in the soil environment and that their synergistic effects become more apparent under the greater stresses. Under the synergistic effects, the secondary pitting on the bottom of wide shallow pits generates on steel surface (Wu et al., 2014b) , which provides supporting evidence for the pitting damage mechanism.
As for dynamic load, the physiological activity of SRB was reported to bring about the decrease in fatigue life (Huang, 2004) and the additional increase in fatigue crack propagation rates (Sowards et al., 2014) , in comparison with those in sterile environments. Furthermore, the fatigue crack propagation rates of steel increased with the ΔK increase in SRB-inoculated environment, and the SRBassisted fracture morphologies varied depending on ΔK. Low values of ΔK resulted in a predominantly intergranular fracture, whereas intermediate and high values of ΔK resulted in a transgranular fracture mode (Sowards et al., 2014) .
Cathodic protection potential
In reality, CP is one of the most commonly used methods to decrease the corrosion rate of steels in soil and water environments. For pipeline steel, the referred upper CP potentials in soil with and without SRB are −876 and −776 mV vs. SCE, respectively. Under CP, the anodic reactions of steel are inhibited, while the cathodic reactions are promoted, which means that more cathodic protons may generate on the steel surface. As discussed in Section 3.3, the generation of cathodic protons is the necessary prerequisite to the hydrogen damage mechanism during SRB-assisted cracking. So, CP and SRB may be likely to play a synergistic effect on the hydrogen permeation and the subsequent cracking process. Therefore, the effects of CP on SRB-assisted cracking are worthy of much attention.
The SCC susceptibility of X80 steel under the combined effects of CP and SRB were studied in the literature (Wu et al., 2015b) . SRB plays a positive role in increasing the SCC susceptibility of steel, and the SCC susceptibility increases with a decrease in the applied CP potentials in the potential range [−725 mV, −1176 mV] (Wu et al., 2015b) . The physiological activity of SRB and CP synergistically promotes the SCC processes of steel in the soil environment, while the synergistic action becomes limited with a decrease in the cathodic potential (Wu et al., 2015b) . Domzalicki et al. also documented that the presence of SRB promotes the SCC susceptibility, being especially pronounced at potentials −1100 mV vs. SCE to −1200 mV vs. SCE . At lower CP potentials, the SCC susceptibility in SRB-inoculated and sterile solutions equalizes . The alkalization of solutions due to lower CP potentials (Wu et al., 2015b ) and the corresponding suppression of SRB growth are responsible for the decline in their synergistic action. Furthermore, the CP was reported to decrease the SCC K th of the 500 and 690 steels in SRBinoculated marine environment (Robinson and Kilgallon, 1994) , and it can increase the fatigue crack propagation rates of SE500 steel under the same ΔK in SRB-inoculated seawater (Robinson and Kilgallon, 1998 ).
Electron uptake from iron
Based on the two distinct types of anaerobic metabolisms, namely, respiration and fermentation, Xu et al. classified most anaerobic MIC attacks into two basic types (Xu et al., 2013 . Type I MIC involves microorganisms that perform anaerobic respiration, while Type II MIC involves secreted corrosive metabolites such as organic acids. SRB respiration typically uses sulfate and organic carbons as the terminal electron acceptor and donors, respectively ; thus, most SRB MIC attacks is attributed to Type I MIC. However, in the absence of organic carbon, Fe 0 can be an electron donor for energy production in order to survive energy deprivation of SRB (Xu and Gu, 2014) by direct or mediated electron transfer (Venzlaff et al., 2013; Zhang et al., 2015) . As a consequence, an additional corrosion micro-cell circuit, including a cathode (bacterium), an anode (steel surface), electron mediators (i.e. nanowire (Sherar et al., 2011) and riboflavin (Zhang et al., 2015) ), and ionic mediator (solution), is likely to generate in the SRB-inoculated system, which may enhance the anodic process. Besides, the synergistic effect between anodic dissolution and HE is recommended to illustrate the nearneutral pH SCC of pipeline steels in deoxygenated soil solutions (Chen et al., 2007; Eslami et al., 2011) . Therefore, it is reasonable to suppose that the electron uptake from iron by SRB is likely to play an important role in the SRBassisted cracking process. A well-designed experiment is imperative to illuminate the role. It seems likely that many surprises (or mysteries) are stored in it.
Conclusion
In the paper, a mini-review is given for the available information on SRB-assisted cracking. SRB-assisted SCC/CF of steels was regularly reviewed. The thermodynamic interpretation and possible mechanisms are summarized in detail. The factors affecting SRB-assisted cracking are also discussed in this paper.
From the discussion above, more attention should be paid to the potential roles of sulfide and biofilm in the process of SRB-assisted cracking. Furthermore, electron uptake from iron by SRB is a new area for the research of SRB-assisted cracking, and further surprises are likely to be in store. 
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